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ABSTRACT: We performed more than a year of mobile, 1 Hz
measurements of lung-deposited surface area (LDSA, the surface
area of 20−400 nm diameter particles, deposited in alveolar regions
of lungs) and optically assessed fine particulate matter (PM2.5),
black carbon (BC), and nitrogen dioxide (NO2) in central London.
We spatially correlated these pollutants to two urban emission
sources: major roadways and restaurants. We show that optical
PM2.5 is an ineffective indicator of tailpipe emissions on major
roadways, where we do observe statistically higher LDSA, BC, and
NO2. Additionally, we find pollutant hot spots in commercial
neighborhoods with more restaurants. A low LDSA (15 μm2 cm−3)
occurs in areas with fewer major roadways and restaurants, while
the highest LDSA (25 μm2 cm−3) occurs in areas with more of both
sources. By isolating areas that are higher in one source than the other, we demonstrate the comparable impacts of traffic and
restaurants on LDSA. Ratios of hyperlocal enhancements (ΔLDSA:ΔBC and ΔLDSA:ΔNO2) are higher in commercial
neighborhoods than on major roadways, further demonstrating the influence of restaurant emissions on LDSA. We demonstrate the
added value of using particle surface in identifying hyperlocal patterns of health-relevant PM components, especially in areas with
strong vehicular emissions where the high LDSA does not translate to high PM2.5.
KEYWORDS: urban air quality, hyperlocal mapping, particulate matter, restaurant emissions, traffic emissions

■ INTRODUCTION
Ambient fine particulate matter (PM2.5, particles with an
aerodynamic diameter of <2.5 μm) is robustly associated with
the global increase in conditions such as heart disease, stroke,
and lung disease, leading to premature mortality.1−3 While
PM2.5 is typically measured, reported, and regulated using the
proxy of mass concentration, PM2.5 samples with the same
mass concentrations can have very different particle size
distributions (illustrated in Figure S1), shapes, and chemical
compositions, depending on their source and airborne age,4

resulting in potentially very different health effects.1,5,6

Ultrafine particles (UFPs, typically defined as particles with a
diameter of <100 nm) are generally shown to have more
adverse health effects because of their absorption into the
bloodstream and translocation to vital organs.7,8

Because of their small diameter, UFPs are minor
contributors of mass but dominant contributors of number
and surface concentrations. For example, Ye et al.9 and Apte et
al.10 have shown that while average intracity variations in mass
concentrations are only 1.5−2 times the background levels,

these variations represent large average variations in number
concentrations (7−10 times the background levels). In
addition, due to rapid dilution and coagulation occurring
over time scales of a few minutes,11 the highest number
concentrations occur largely near emission sources such as
traffic and cooking10,12,13 and decrease rapidly with distance
from the source.14,15 For example, Saha et al.16 showed that
with an increase in distance from a major roadway, particle
number concentrations decrease dramatically (Δ ∼ −80% at
200 m from highway), compared to particle mass (Δ ∼ −
30%). Hence, identification of these hyperlocal enhancements
(“hot spots”) of UFPs requires high-spatial resolution
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monitoring, which can be achieved either by a dense network
of stationary sensors or by mobile monitoring.
Mobile monitoring has provided great insight into urban hot

spots and sources of primary air pollutants, including PM2.5,
UFPs, oxides of nitrogen (NOx = NO + NO2), carbon
monoxide (CO), and black carbon (BC).10,17−23 In addition,
the emergence of low-cost air pollution sensors in the past
decade, particularly low-cost optical PM sensors,24,25 has
significantly boosted the amount of spatially dense air pollution
monitoring around the world, especially in highly polluted
areas in low-income regions.26−33 While increased spatial
coverage is a tremendous benefit of low-cost sensors, the
greatest challenge with their use compared to advanced,
research-grade instrumentation is that of data quality arising
from issues such as signal nonlinearity, noise, poor limits of
detection and quantitation, sensor bias and drift, and
interference from environmental conditions.24 Another partic-
ular challenge involved with optical PM sensors is that the
primary mode of detection is the amount of light scattered by a
population of particles, which is then converted to mass
concentration using empirical assumptions of properties such
as particle morphology, refractive index, and density.24,34 As a
result, an optical PM sensor calibrated against a gravimetric
reference instrument for one type of particle population (e.g.,
urban background, where the mode particle diameter is in the
range of 0.5−2 μm) may not perform well when measuring a
plume of smaller, freshly emitted particles. Finally, a crucial
limitation of optical PM sensors is that due to their diameter
detection limits, <300 nm particles (low-cost sensors) or <180
nm particles (reference-grade sensors) are not detected.24,35 As
a result, while optical PM sensors can be used to detect
primary, coarse-mode PM emissions (>1 μm, e.g., brake and
tire wear, construction dust, etc.), they likely only partially
detect particles in fresh cooking emissions (typically ∼200
nm9) and likely do not detect particles in fresh engine exhaust
emissions (typically ∼30 nm9) at all.
Instead of the PM2.5 mass, particle number and surface area

measurements have been reported in the literature as a more
effective proxy for detecting hyperlocal hot spots of fresh
particle concentrations, geolocating their sources, and assessing
exposures.36−39 While the number concentration is the
commonly measured approximation of UFPs in the literature,
the particle surface area has been shown to be an important
determinant for the toxicological influence of particulate
matter, likely because surface chemistry is the primary
mechanism of the interaction between particles and pulmonary
tissue cells.6,40,41 The metric most commonly used to report
particle surface concentrations is lung-deposited surface area
(LDSA, expressed in units of square micrometers per cubic
centimeter), which is the total surface area of particles that
could be deposited in the alveolar region of the human
respiratory system (20−400 nm diameter range). While many
previous high-spatial resolution monitoring studies have
measured NO, NO2, BC, and particle mass concentra-
tions,17−19,42−45 relatively fewer studies have measured particle
number concentrations,36−38,46 and far fewer studies have
measured LDSA.47−53 Additionally, while the studies that
reported non-LDSA measurements employed mobile monitor-
ing, the LDSA measurements were all stationary, largely a few
weeks to months long, and thus useful in ascertaining only
temporal variations at the sampling location (e.g., urban
background, indoors in an industrial facility, etc.). Given the
crucial health relevance of LDSA as described above, the lack

of mobile, high-resolution measurements of LDSA in an urban
area is a key gap in the scientific literature.
In this study, we address this gap by presenting mobile, high-

spatial resolution, repeated, on-road measurements of LDSA in
central London, along with simultaneous measurements of
optically measured PM2.5 mass, BC mass, and NO2 mixing
ratios. These measurements were conducted as part of the first
year-long mobile air monitoring campaign in central
London.54,55 The large data set generated from repeated,
year-long mobile measurements of these pollutants enables us
to prepare high-resolution maps of long-term central
tendencies of individual pollutant concentrations, as well as
statistical analyses of uncertainty, local enhancements,
interspecies ratios of enhancements, and, finally, spatial
correlations between these metrics and two ubiquitiously
occurring urban particulate sources: major roadways and
restaurants (land-use covariate proxies for vehicular and
cooking emissions, respectively). To the best of our knowl-
edge, this is the first study reporting high-spatial resolution,
year-long, mobile measurements of LDSA. While our measure-
ments represent on-road air pollution levels, we know from the
literature that urban sources such as traffic and restaurants
impact air quality over spatial scales of 100−500 m.16,20 As
such, the information about hyperlocal and neighborhood-
scale variability derived from our measurements is relevant to
off-road air quality receptors, as well. With more scientific
attention going toward characterizing sources, concentrations,
patterns, exposures, and acute and chronic health effects of
particulate matter in urban environments, this study presents
novel, relevant, and valuable findings using measurements of
LDSA, a proxy for components of particulate matter with
direct, toxicological implications.

■ METHODS
Data Collection. We retrofitted two Google Street View

(GSV) vehicles with identical suites of fast-response (1 Hz)
pollutant measuring instruments. We used these vehicles to
perform repeated measurements of pollutant concentrations
from September 2018 to October 2019 on the major public
roads of central London (of the total 407 km of roads in
central London, our vehicles drove on 391 km at least once
and on 335 km at least five times throughout the campaign)
(Figure 1). Our drivers drove the vehicles predominantly on
weekdays from 5 a.m. to 11 p.m., as shown in section S4 of the
Supporting Information. When not sampling, the vehicles were
parked at the National Physical Laboratory (NPL) in the
Teddington suburb outside of central London, to connect with
dedicated air conditioning systems to maintain the temper-
ature control of the monitoring instruments and to allow
periodic calibration of instruments, as described in our openly
accessible documentation [this document also contains a
detailed description of the quality assurance protocols
employed for flagging mobile data for possible erroneous
interference, uncertainty in position data, warmup periods, etc.
(https://www.globalcleanair.org/breathe-london-appendix-3-
mobile-monitoring-documentation/)].
Instrumentation. We measured LDSA using a Naneos

Partector aerosol dosimeter, which uses a unipolar diffusion
charger to distribute charges on particle surfaces. The resulting
electric current generated by the flow of charged particles is
measured with an electrometer and subsequently converted to
LDSA using their known theoretical proportionality.56,57 As
described in the technical documentation for this sensor
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(accessible online at https://www.naneos.ch/pdf/LDSA.pdf),
this proportionality constant is d−1.1. This approach has been
shown to report the surface area of particles between 20 and
400 nm accurately.58,59

We measured PM2.5 using a Palas Fidas, a MCERTS-
certified (Monitoring Certification Scheme, Environment
Agency of England and Wales60) ambient fine dust measure-
ment instrument. Briefly, ambient particles are dried prior to
entering the optical counting chamber, where the amount of
light scattered by each individual particle is measured and
converted to particle size using principles of Lorenz−Mie light
scattering. Thus, particles are counted and size-resolved into
64 logarithmically spaced size channels between 180 nm and
18 μm (particles outside this size range are not detected).
Additionally, the instrument’s internal software converts these
size-resolved particle counts into mass by relying on empirical
assumptions of particle density. Finally, the mass distribution is
integrated and recorded as PM2.5.
We measured BC and NO2 using a Magee Scientific

Aethalometer (AE33) and an Aerodyne cavity-attentuated
phase shift monitor, respectively. Both of these instruments
have been used in several previous studies.61−64 Aethalometric
measurements conducted at a high time resolution (1 Hz)
have been shown to have a significant occurrence of negative
values (e.g., >30%), especially when sampling at low
concentrations.65 Simply discarding these negatives is an
inappropriate action to take, as this would bias the final data
high because of positive fluctuations in the noise. Following
Brantley et al.,62 we smoothed the raw BC time series using a

10 s moving average filter. We acknowledge that this
smoothing will result in a coarser spatial resolution for the
filtered BC data. However, the primary focus of this study is on
LDSA measurements, and we use BC as only a qualitative
indicator of vehicular emissions42 and not to derive
quantitative metrics such as emission factors and health risks.
In addition, when using BC data to infer source impacts, we
also use NO2 measurements as a co-emitted marker of
vehicular emissions, thereby not relying solely on our BC data.
Our assessments of instrument performance and data quality

are described in section S2.
Data Reduction. The quality control and quality assurance

protocols (e.g., identifying and flagging erroneous data,
adjusting timestamps of data for tubing residence time, i.e.,
nominal time taken by sample to traverse flow tubing and
reach instruments) applied to our data are described in detail
in our openly accessible documents (https://www.
globalcleanair.org/breathe-london-appendix-3-mobile-
monitoring-documentation/). We applied a data reduction
methodology following Miller et al.19 and Messier et al.66

Briefly, we first split all roads into segments with a nominal
length of 30 m, resulting in ∼13 000 segments inside central
London. We then attached each 1 Hz sample to the nearest 30
m road segment on the basis of recorded GPS coordinates.
Next, for each road segment, we grouped individual samples
into “drive passes”, i.e., 1 Hz samples collected consecutively
while the vehicle was within the road segment. The purpose of
defining drive passes is to avoid skewing each road segment’s
final central tendency toward a period when the vehicle spent

Figure 1. Sampling domain of this study: central London (indicated by the thick, dashed border). Solid lines indicate major roadways (motorways
and primary arterial roads; e.g., the confines of central London are defined by the A501 at the northern border, the A5, A202, A302, and A4202 at
the western border, the A3204, A201, and New Kent Road at the southern border, and Tower Bridge Road, A100, A1210, and Commercial Street
at the eastern border), and circles show restaurant locations. Commercial areas of Soho, City of London, and Southwark have a particularly high
density of restaurants. Map data by Stamen Design, under CC BY 3.0. Data by OpenStreetMap, under ODbL.
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more time at the segment (e.g., due to slow-moving traffic).
Next, for each road segment, all drive pass averages occurring
within the same hour were grouped and averaged as a “drive
period”. Finally, for each road segment, different drive periods
from the entire measurement period were aggregated, and their
median was used as the campaign median pollutant
concentration for that segment. Because measurements
spanned slightly more than a year (13 months), this campaign
median can also be treated as the annual daytime median for
the road segment.
Identifying Local Enhancements and Emission

Ratios. Conceptually, the time series of pollutant concen-
trations acquired from a continuous mobile monitoring drive
can be considered a combination of two components: (a)
rapidly changing recent contributions from local sources,
superimposed on top of (b) a temporally changing background
concentration. This temporally varying background contribu-
tion could be from a spatially invariant, regional background,
or in the case of mobile sampling, it could also be an
intermediate, neighborhood-scale background, e.g., when the
GSV car drives along a suburban-to-street-canyon-to-suburban
transect. To identify local enhancements, we employed an
enhancement identification method following Padilla et al.54

Briefly, for each 1 Hz observation, a “background” concen-
tration is identified (first percentile of the observations in the
150 s before and 150 s after; at a typical speed of 30 km h−1,
this translates to a distance of just <2.5 km). Next, the
difference between the total concentration and the background
is defined as a local enhancement (Δ). Finally, these
enhancements are filtered to account for instrument noise;
i.e., if enhancements are larger than instrument noise, they are
retained, but if they are not, they are discarded. For example,
this filtering resulted in approximately 6% of ΔLDSA and 9%
of ΔPM2.5 samples being discarded. This background
subtraction and enhancement identification process is
illustrated in section S3. While this approach of identifying
enhancements in pollutant time series has been used in
previous studies,54,67,68 it should be noted that these observed
enhancements indicate the combined effect of various factors
(e.g., number of sources, distance between the source and
sampling point, and amounts of dispersion, dilution, mixing,
etc., occurring in the interim) and thus should not be used to
directly infer source properties, e.g., emission factors.
We further utilized contemporaneous enhancements of

LDSA, PM2.5, BC, and NO2 to calculate emission ratios and
infer possible sources. Ratios of ΔLDSA to ΔPM2.5, ΔBC, and
ΔNO2 are used to infer whether the observed enhancement is
from one of two possible sources: (a) locally emitted vehicular
exhaust pollution (i.e., higher ΔLDSA:ΔPM2.5 ratio because of
the large population of sub-100 nm, large-surface area, low-
mass particles, with lower ΔLDSA:ΔBC and ΔLDSA:ΔNO2
ratios due to co-emission of BC and NO2) and (b)
nonvehicular emissions (e.g., cooking, which would presum-
ably have lower ΔLDSA:ΔPM2.5 ratios because of the large
population of ∼200 nm particles that can be optically detected
by the Fidas PM2.5 monitor, and higher ΔLDSA:ΔBC and
ΔLDSA:ΔNO2 ratios

12,36).
Probability of Exceedance. This methodology is

described in detail by Padilla et al.54 and described here
briefly. Because only two GSVs performed sampling within the
22 km2 central London region, sampling coverage can be
sparse on some roads (section S5). As a result, the campaign
median pollutant concentration estimated from mobile data at

each road segment will have an uncertainty that is influenced
by the number of drive periods at that segment.17 For each
road segment, we estimated the sampling uncertainty in LDSA
concentration as a function of the number of drive periods at
that segment. Analyses of sampling uncertainty are described in
the section S5. In addition, we incorporated the LDSA sensor
uncertainty of ±30%, as stated in its technical documentation,
into our total LDSA uncertainty. With an increasing number
(n) of samples, this sensor uncertainty decreases by a factor of

n1/ .
Thus, instead of representing each road segment by a single

median concentration, we incorporate the segment’s total
uncertainty to build a probability distribution about the
segment’s median LDSA concentration. This enables us to
calculate the probability that the median LDSA concentration
at a road segment would exceed a certain threshold. We set this
threshold to 25 μm2 cm−3 for LDSA and 10 μg m−3 for PM2.5,
which are approximately the 75th percentile of the city-wide
distributions shown in Figure 2.
Land-Use Classification. We explored the spatial

correlation between observed pollutant concentrations and
two major urban sources: commercial kitchens (restaurants)
and traffic (major roadways). Following Gu et al.,42 we gridded
the central London domain into 100 m × 100 m cells. We
obtained locations of restaurants and roads within the domain
by using the Yelp and OpenStreetMaps (OSM) application
programming interfaces, respectively. Within each 100 m ×
100 m grid cell, we calculated two land-use variables:
restaurant count and length of major roadways (i.e., listed as
either “motorway” or “primary” in the OSM database). The
distributions of these variables are shown in Figure S17. In
addition to analyzing these land-use metrics as continuous
variables, we also used thresholds of ≥4 restaurants and ≥20 m
of major roadways to classify each grid cell as “high” or “low”
with respect to the two sources, consistent with Gu et al.42

(These arbitrary thresholds are meant to compare only the
pollution patterns in areas impacted by certain source types
from others and are not meant to be used as determinant
parameters of pollution concentrations, e.g., land-use regres-
sion models. While a more robust classification could be
performed using sophisticated cluster analysis methods, e.g., k-
means clustering, they are beyond the scope of this study.) Of
the 2266 total 100 m × 100 m grid cells, 235 are classified as
“high restaurants, low traffic”, 691 are classified as “low
restaurants, high traffic”, 198 are classified as “high restaurants,
high traffic”, and the remaining 1142 are classified as “low
source” (shown in Figure S17). Finally, we coupled this grid
with our observed median pollutant concentrations at each
road segment, and within each grid cell, we calculated the
weighted average of the median pollutant concentration, where
weights were the lengths of road segments falling inside the
grid cell. For instance, the median pollutant concentration (C)
for a 100 m × 100 m grid cell is a function of the campaign
median concentration, m, and the length, l, of each of the n 30
m road segments contained within the cell:

C
m l

l
i
n

i i

i
n

i

1

1

= =

= (1)

■ RESULTS AND DISCUSSION
In this section, we present spatial and temporal patterns of
campaign median pollutant concentrations using various
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analyses performed at the 30 m road segment level: (1)
absolute pollutant concentrations, (2) diurnal behavior of
campaign median concentrations, (3) local enhancements and
interpollutant enhancement ratios, (4) probability of exceed-
ance, and (5) gridded correlations between pollutant
concentrations and land-use covariates.
Absolute Pollutant Concentrations. Figure 2 shows the

absolute, campaign median concentrations of LDSA, PM2.5,
BC, and NO2 at 30 m road segments. Instead of a continuous
color ramp, we categorize the concentrations into five natural
quantiles so as to show the distribution of the road segments.
For instance, the city-wide campaign median concentration is
approximately the midpoint of the third level, i.e., approx-
imately 18 μm2 cm−3 for LDSA, 8 μg m−3 for PM2.5, 2 μg m−3

for BC, and 27 ppb for NO2. In comparison to other LDSA
measurement studies, the London LDSA levels shown here are
more similar to urban background measurements in Leicester
(22 μm2 cm−3) and Zürich (19 μm2 cm−3)48,53 than to more
polluted areas such as Barcelona (37 μm2 cm−3),49 Lisbon (34
μm2 cm−3),69 and Los Angeles (53 μm2 cm−3).52

In addition, the lower bounds of the second and fifth color
levels indicate the 20th and 80th percentiles of the distribution

(p20 and p80), respectively, and thus, the difference between p20
and p80 (a proxy for the spread of the distribution) indicates
the spatial variability for the pollutant. The spatial variability
for LDSA is 13.7 μm2 cm−3 (75% of the city-wide median),
while those for PM2.5, BC, and NO2 are 3.9 μg m−3 (49% of
the city-wide median), 2.2 μg m−3 (114% of the city-wide
median), and 17.9 ppb (69% of the city-wide median),
respectively. The observed order of spatial variability (BC >
LDSA > NO2 > PM2.5), qualitatively consistent with other
urban mobile sampling studies,10,16,17 likely occurs because BC
and LDSA are predominantly primary, more nonconserved
pollutants while NO2, and especially PM2.5, are relatively more
conserved pollutants (illustrated in section S6). The term
“conserved” is used here following the definition of conserved
and nonconserved pollutants as described by Apte et al:10

nonconserved pollutants are those that decay on time scales
that are as fast or faster than the air transit time from emission
site to ambient receptor, and thus, increments in these
pollutant concentrations are good geographic tracers of their
sources. Conserved pollutants such PM2.5, on the contrary,
have substantial regional background contributions, and thus,

Figure 2. Campaign median absolute concentrations of (a) LDSA, (b) PM2.5, (c) BC, and (d) NO2 at 30 m road segments. In each pollutant map,
the five colors represent natural breaks; i.e., each color represents 20 quantiles. Road segments with fewer than five drives are not shown. The
central London region is shown with the dark gray backdrop. Map data by Stamen Design, under CC BY 3.0. Data by OpenStreetMap, under
ODbL.
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near-source concentrations are only moderately increased
above the regional background levels.
The maps in Figure 2 show different areas of the city having

persistently increased concentrations of different pollutants.
LDSA, for instance, is higher on the major roadways inside,
bordering, and outside central London. LDSA is also higher in
the commercial areas in Soho, City of London, and Southwark.
In contrast, PM2.5 is higher in the commercial neighborhoods,
but not on any of the major roadways with high LDSA. PM2.5
is apparently also higher in the southwestern portion of central
London; however, this is likely an artifact resulting from
sampling bias, as discussed later and evidenced in section S8.
BC and NO2, both indicators of traffic emissions, are increased
almost exclusively on major roadways. This is particularly
evident in the Soho neighborhood, where BC and NO2 are
increased on the three major roadways, but not in other parts
of the neighborhood, whereas LDSA is increased in the entire
neighborhood. This difference in behavior between observed
spatial patterns of different pollutants can likely be explained
by two hypotheses. First, increments of LDSA, BC, and NO2
occur on major roadways due to vehicle exhaust emissions.
Freshly emitted vehicular exhaust particles, being smaller than
100 nm,9 were likely not detected by our optical PM2.5 sensor
(lower diameter cutoff of 180 nm). Second, the neighborhood-
scale LDSA and PM2.5 hot spots in commercial areas occur due
to emissions containing particles larger than this cutoff of 180
nm. One such possibility is that of non-exhaust vehicular
emissions such as brake wear, tire wear, and road dust
resuspension, which are in the far coarser diameter range
(often >1 μm).70,71 Congestion of traffic in commercial areas
would, for instance, result in stop-and-go behavior of vehicles,
leading to increased brake wear emissions. However, it would
be reasonable to expect that vehicular non-exhaust emissions
would be co-emitted with observable exhaust emissions of
NO2. Another possibility is that of the influence of particles in
cooking emissions, which are shown to between 100 and 400
nm in diameter.9 The dense presence of restaurants in
commercial areas has been shown to be an important
contributor and determinant for such neighborhood-scale
enhancements in particulate matter.14,18,20,72,73

Diurnal Behavior. To explore the hypotheses presented in
the previous section, we stratified our LDSA concentrations
into four diurnal time periods: morning (5 a.m. to 10 a.m.),
midday (10 a.m. to 2 p.m.), afternoon (2 p.m. to 7 p.m.), and
evening (7 p.m. to midnight). We use these four time periods
to distinguish the effects of vehicular emissions (which would
be more pronounced in the morning and afternoon periods)
from cooking emissions (which would be more pronounced
during midday and evening). The campaign median LDSA
concentrations in these four diurnal periods are shown in
section S7. In the morning period, major roadways exhibit
increased LDSA, which is likely explained by peak commuter
traffic at this time. While the Soho commercial area exhibits
only mild increments of LDSA along its main roads in the
morning, it exhibits increased LDSA on local or minor
roadways during the midday period. This effect is even more
pronounced in the commercial neighborhoods in the evening
period. While stratifying the data into time periods introduces
additional statistical uncertainty into quantifying concentra-
tions at the 30 m scale (as explained in the accompanying text
in the section S7), the observed diurnal behavior is
qualitatively consistent with the hypotheses that vehicular
sources increase LDSA concentrations on major roadways and

restaurants increase LDSA in commercial neighborhoods. The
hypothesis of the impact of cooking emissions on ambient
LDSA levels is also consistent with the finding presented in the
study by Hama et al.,48 who found increased LDSA levels
during weekends at an urban background site in Leicester,
U.K., and attributed this enhancement to cooking emissions
from barbecue activties and overall increased commercial
activity.
Local Enhancements and Interpollutant Emission

Ratios. To distinguish the effect of local, primary emissions
from that of temporal variations in urban background
concentrations, we calculated a background-subtracted com-
ponent of recorded concentrations (denoted as Δ).
Overall, the spatial patterns observed after background

subtraction are similar to the corresponding absolute
concentration maps shown in Figure 2. Hence, we show
campaign median concentrations of only ΔLDSA in Figure 3,
while we show similar maps for ΔPM2.5, ΔBC, and ΔNO2 in
Figure S14. ΔLDSA is higher on major roadways and in
commercial areas; ΔBC and ΔNO2 are prominent on major
roadways, while ΔPM2.5 is higher in commercial areas. Because
only Δ values larger than instrument noise were saved as valid
enhancements and only road segments with five or more
observed valid enhancements are shown in these maps, there
are several blank spaces on these maps compared to the maps
shown in Figure 2. The road segments that are displayed in
Figure 3 and Figure S14 despite these filters are thus those
where these enhancements are frequent.
Previously, we argued that the higher spatial variability of

BC and LDSA compared to that of NO2 and PM2.5 was
because the former two are predominantly primary, non-
conserved pollutants while the latter two (especially PM2.5) are
relatively more conserved pollutants; i.e., near-source concen-
trations are often only mildly increased above larger regional
background levels.10,17 This point is further corroborated in
the spatial variability of background-subtracted enhancements
shown in Figure 3 and Figure S14. The widths of these
distributions (p80 − p20), in decreasing order, are 11 μm2 cm−3

for LDSA (153% of the city-wide median), 2.3 μg m−3 for BC
(98% of the city-wide median), 13.3 ppb for NO2 (85% of the
city-wide median), and 1.7 μg m−3 for PM2.5 (30% of the city-
wide median). It is thus evident that of these four pollutants,
PM2.5 is the most conserved pollutant, and thus the poorest
tracer of primary emissions because of the important
contribution and spatial invariance of its secondary compo-
nents. For instance, the PM2.5 map in Figure 2 shows the
southern portion of central London as one of the
neighborhoods having a high campaign median PM2.5
concentration. However, Figure S14 shows that ΔPM2.5 does
not exhibit this behavior, suggesting that this apparent
increment in absolute PM2.5 is likely an artifact resulting
from regional background levels being higher on days when
this neighborhood was visited for sampling. As shown in Figure
S15, our estimated background PM2.5 indeed agrees well with
stationary measurements as reported by urban background
monitors of the London Air Quality Network. While ultrafine
particle number and LDSA levels have been shown to be
impacted by meteorological processes in other locations (e.g.,
new particle formation from regional nucleation),48,74 we find
that background LDSA levels in London are quite stable below
10 μm2 cm−3, even during high ozone and high NO2:NOx
periods when nucleation would be most expected (Figure S8).
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This is consistent with the literature showing few occurrences
of nucleation and new particle formation in London.75,76

In addition to calculating enhancements of individual
pollutants, we also analyzed contemporaneous enhancements
of multiple pollutants to calculate interpollutant emission
ratios. In Figure 3, we show three maps for campaign median
emission ratios: ΔLDSA:ΔPM2.5, ΔLDSA:ΔBC, and
ΔLDSA:ΔNO2. These ratios further indicate the possible
effect of different sources on observed plume strengths. For
instance, ΔLDSA:ΔPM2.5 being higher on major roadways
(e.g., the A501 major roadway at the northern edge of central
London) is consistent with the aforementioned explanation
that fresh vehicular exhaust emissions are measured in LDSA,
but likely not in PM2.5 (because of the optical size cutoff of 180
nm of our Fidas monitor, but also generally because fresh
exhaust particles do not contribute much mass10). Further
evidence of this is the fact that ΔLDSA:ΔBC and
ΔLDSA:ΔNO2 are lower on these major roadways (because
of higher ΔBC and ΔNO2 from vehicle exhaust emissions,
which is consistent with Lepisto et al.77) and higher in the

Soho commercial district, where cooking emissions are likely
more abundant.
Probability of Exceedance. To account for sampling

uncertainty caused by sparse sampling coverage on certain 30
m road segments, we built probability distributions of the road
segments’ campaign median LDSA concentrations. Thus,
instead of calculating just the campaign median concentration
at a road segment, we calculated the probability that the
median there will exceed a certain threshold. We set this
threshold to 25 μm2 cm−3, which is approximately the 75th
percentile of the city-wide distribution shown in Figure 2.
Figure 4 shows these probabilities of exceedance.
In the two maps shown in Figure 4, high exceedance

probabilities occur on road segments where one of these
conditions is met: (a) The estimated campaign median
concentration is higher than the threshold of 25 μm2 cm−3,
such that this exceedance is captured despite an insufficient
number of samples. (b) The estimated campaign median
concentration is only slighter higher than the threshold, but
this exceedance is likely captured because of the large number
of samples. (c) The estimated campaign median concentration

Figure 3. (a) Campaign median concentrations of background-subtracted (Δ) LDSA. (b−d) Campaign median interpollutant emission ratios:
ΔLDSA:ΔPM2.5 in units of (μm2 cm−3)/(μg m−3), ΔLDSA:ΔBC in units of (μm2 cm−3)/(μg m−3), and ΔLDSA:ΔNO2 in units of (μm2 cm−3)/
ppb. In each pollutant map, the five colors represent natural quantiles; i.e., the number of road segments in each category is the same. Road
segments with fewer than five observed enhancements are not shown. The central London region is shown with the dark gray backdrop. Map data
by Stamen Design, under CC BY 3.0. Data by OpenStreetMap, under ODbL.
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is well over the threshold, and the number of samples is also
large enough to build additional confidence (the third
condition is the most desirable target of mobile monitoring,
but due to uneven sampling coverage, this is also an ideality).
Figure 4 shows that the major roadways (e.g., A5, A501,
A4202, and A100) and the commercial areas of Soho, City of
London, and Southwark are likely (>66% probability) to
exceed the LDSA threshold of 25 μm2 cm−3. With the
exception of City of London, these hot spots are also found to
be very likely (>90% probability) to exceed this threshold.
Similar probability of exceedance maps for PM2.5 are shown

in Figure S16. For PM2.5, we set the threshold to 10 μg m−3,
which is approximately the 75th percentile of the city-wide
distribution in Figure 2. Incidentally, unlike our LDSA
threshold of 25 μm2 cm−3, our threshold of 10 μg m−3 has
meaningful significance because this was also the World Health
Organization guideline for healthy annual average exposure
prior to September 22, 2021. Figure S16 shows that PM2.5 is
unlikely to exceed on any of the major roadways where LDSA
is likely to exceed. PM2.5 is likely, but not very likely, to exceed
on many road segments in the commercial areas of Soho, City
of London, and Southwark (i.e., probability of exceedance
between 66% and 90%). In fact, it is only in central Soho and
some parts of City of London where PM2.5 is found to be very
likely to exceed 10 μg m−3.
Gridded Correlations between Pollutant Concentra-

tions and Land-Use Covariates. Figure 5 shows the
distributions of gridded campaign median LDSA concen-
trations within each grid group. The “low-source” grid group
has the lowest LDSA concentrations (median of 15 μm2

cm−3); the high restaurant, low traffic (HR-LT) and low
restaurant, high traffic (LR-HT) groups have statistically
similar medians of ∼20 μm2 cm−3, and finally, the high
restaurant, high traffic (HR-HT) group has a higher median of
∼25 μm2 cm−3. Consistent with the literature,16,18,42 the
observed order of concentrations across these grid groups
demonstrates the comparable and additive nature of traffic and
restaurant PM emissions. Similar plots for PM2.5, BC, and NO2
are shown in Figure S19. For both BC and NO2, the LR-HT
and HR-HT grid groups are statistically similar to each other

(median BC of ∼2.5 μg m−3, median NO2 of ∼30 ppb) and are
higher than the “low-source” and HR-LT groups (median BC
of ∼1.6 μg m−3, median NO2 of ∼22 ppb), demonstrating the
prominent effect of traffic emissions from major roadways on
these species, while the presence of restaurants has little
additional effect. It should be noted that median BC and NO2
for the HR-LT grid group, while only ∼0.15 μg m−3 and ∼3
ppb higher, respectively, are still found to be statistically higher
than those of the low-source grid group, likely because of the
additional traffic emissions on local roads in commercial areas.
As discussed above, fresh vehicular exhaust emissions of

PM2.5 are likely largely missed by our Fidas monitor, while
cooking emissions (with a larger median diameter) should be
at least partially captured. This effect is demonstrated in Figure
S19, where the HR-LT and HR-HT grid groups are statistically
similar (median PM2.5 of ∼8.8 μg m−3) and higher by ∼1 μg
m−3 compared to the low-source and LR-HT groups.
In addition to gridding the campaign medians of absolute

pollutant concentrations, we also applied these analyses to
background-subtracted enhancements and interpollutant emis-
sion ratios. Figure 5 also shows the gridded ratio of ΔLDSA to
ΔPM2.5. While absolute LDSA concentrations are similar for
the HR-LT and LR-HT groups, ΔLDSA:ΔPM2.5 is higher in
the LR-HT group than in the HR-LT group. This shows that
our observed LDSA and PM2.5 concentrations are correlated
and co-emitted in the cells with high restaurant counts, but in
areas of high traffic, observed ΔLDSA concentrations are
higher than ΔPM2.5, causing this ratio to be higher. Other
similar plots of background-subtracted enhancements and
interpollutant ratios are shown in Figures S21 and S23. The
overall behavior and comparison between grid groups remain
consistent with the explanations presented earlier. Strong
markers of vehicular exhaust emissions (ΔBC and ΔNO2) are
higher in high-traffic grid groups (HR-HT and LR-HT), while
ΔLDSA, a marker of both traffic and restaurant emissions, is
higher in all grid groups other than the low-source group.
Interestingly, while LDSA concentrations were similar for HR-
LT and LR-HT groups, ΔLDSA is higher for the LR-HT group
than for the HR-LT group, likely because enhancements result
from fresh vehicular emissions of sub-100 nm particles, which

Figure 4. Probability of exceedance applied to LDSA data. On the basis of each road segment’s probability distribution, it is classified into one of
three categories of exceedance with respect to the city-wide 75th percentile concentration of 25 μm2 cm−3. These limits for this classification are set
equally in map a, i.e., each probability class is 33% wide, and more strictly in map b, i.e., unless highly certain to either exceed or not, segments are
classified as uncertain. Map data by Stamen Design, under CC BY 3.0. Data by OpenStreetMap, under ODbL.
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have a surface area to volume ratio higher than that of larger
cooking emission particles (section S1).

■ IMPLICATIONS
In this study, we characterized spatial patterns of particulate
matter in central London by performing repeated mobile
measurements of lung-deposited surface area (LDSA), PM2.5,
black carbon (BC), and NO2 from September 2018 to October
2019. Our measurements were predominantly performed from
5 a.m. to 11 p.m. on weekdays (section S4) and thus should
not be compared directly against regulatory standards. Other
limitations of this study are outlined in section S14.
We showed that the typical LDSA levels in London are more

similar to previously reported urban background measure-
ments in Leicester (22 μm2 cm−3) and Zürich (19 μm2

cm−3)48,53 than to more polluted areas such as Barcelona
(37 μm2 cm−3),49 Lisbon (34 μm2 cm−3),69 and Los Angeles
(53 μm2 cm−3).52 We showed persistently increased
concentrations of LDSA in several parts of central London
such as on major roadways and in commercial neighborhoods
with a high number of restaurants. Recent literature and
emission inventories show that cooking emissions from
restaurants have neighborhood-scale impacts on air qual-
ity,20,79 with PM contributions comparable to that from
vehicular exhaust.18,42 We hypothesized that our observed hot
spots of LDSA concentrations, both absolute and background-
subtracted (Δ), in commercial neighborhoods can be partly
attributed to the dense presence of restaurants there. We
confirmed this hypothesis using multiple lines of evidence.
First, the campaign median concentrations in commercial
neighborhoods are higher during peak meal preparation times
(midday and evening). Second, we use campaign median
emission ratios between LDSA and traffic markers (BC and
NO2) to show that ΔLDSA:ΔBC and ΔLDSA:ΔNO2 are
higher in commercial neighborhoods than on major roadways,
indicating the presence of nonvehicular emission sources.

Third, we use geographic indicators of traffic and cooking
emissions (major roadways and restaurants) to show
quantitatively that both proxies are determinants of high
LDSA concentrations. Fourth, while our measurements of
PM2.5 using optical particle counting (particles smaller than
∼180 nm not detected) do not effectively capture the fresh
vehicular exhaust emissions on major roadways, we do observe
higher PM2.5 concentrations (both absolute and Δ) in
commercial neighborhoods, further demonstrating the impact
of cooking emissions, which typically contain 100−400 nm
diameter particles.4,9

More scientific attention is being paid to the characterization
of spatial and temporal patterns, determinants, sources, and
health effects of ultrafine particles (UFPs). Recently, Apte et
al.74 found NOx and particle number concentration to be
moderately correlated in high-traffic areas of the San Francisco
Bay area but found this correlation to significantly worsen in
low-traffic areas. They attributed this behavior to new particle
formation, especially during high insolation periods. While this
is a reasonable conclusion, our analyses of interpollutant
emission ratios show that in low-traffic areas with a high
restaurant density, cooking emissions can also play an
important role in enhancing particle concentrations without
proportionally enhancing other species like NO2 and BC.
While we relied on correlations (or lack thereof) among LDSA,
PM2.5, NO2, and BC to distinguish vehicular from nonvehicular
emissions, other external measurements can also be used to
more clearly identify cooking emissions. For instance, cooking
emissions have been shown to emit volatile organic
compounds such as aldehydes.80,81 Collocated measurements
of volatile organics performed in addition to species such as
PM2.5, LDSA, BC, etc., can thus aid in identifying some hot
spots as not only nonvehicular but also specifically cooking-
influenced. It should also be noted that our measurements,
performed on street center lines, would be expected to be
impacted more strongly by the immediately adjacent vehicular

Figure 5. Box-and-violin plot showing, within each source cateogry, distributions of gridded campaign median values of (a) LDSA concentrations
and (b) ΔLDSA:ΔPM2.5 in units of (μm2 cm−3)/(μg m−3). These plots are prepared using the ggstatsplot package in R,78 which performs pairwise
null hypothesis tests. Only the pairs for which the null hypothesis cannot be rejected (i.e., p value > 0.05) are tagged with their p value. In this case,
for absolute LDSA concentrations, the HR-LT and LR-HT groups are found to be similar while all other combinations are statistically different
from each other. For ΔLDSA:ΔPM2.5, all groups are statistically different from each other.
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emissions than by the more distant restaurant exhaust sources.
As a result, the nonvehicular particulate matter concentrations
breathed by pedestrians on pavements or sidewalks would
likely be higher than those captured in our mobile sampling
data set.
While a vast majority of high-spatial-resolution monitoring

studies have measured pollutants such as NO, NO2, BC, and
PM mass, a particular novelty of this study is the measurement
of LDSA, the concentration of particles that could have the
most serious health consequences.6,40,82 We believe the
methods and findings presented in this study are of timely
importance to global efforts in urban hyperlocal air quality
mapping, source apportionment, exposure assessment, and
pollution alleviation. On September 22, 2021, the World
Health Organization revised their guideline for healthy annual
average PM2.5 concentration from 10 to 5 μg m−3. A very small
fraction of the global population lives in areas where this
revised guideline is met.83 As more attention is paid to urban
air quality alleviation (e.g., California’s Air Resources Board’s
Community Air Protection Program, focusing on criteria and
toxic air pollutants from nonvehicular sources, and their impact
on air quality at the community scale), studies such as ours can
aid policymakers in designing urban air quality management
strategies and urban planning that address important emission
sources, vehicular and nonvehicular alike. Our study
demonstrates the value of using high-spatial-resolution,
neighborhood-scale monitoring of particle surface concen-
trations to inform concentrations of health-relevant compo-
nents of particulate matter.
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